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In this paper, we demonstrate the substrate inhibition phenomena for growth kinet-
ics of Aspergillus niger NRRL 326 grown on sucrose during glucose oxidase production.
The initial set of experiments were carried out using three different substrates, viz.,
glucose, sucrose and raffinose of which it was observed that sucrose serves better for
higher production of glucose oxidase. Experiments involving sensitivity studies con-
veyed that substrate inhibition became predominant when sucrose concentration was
above  = 30 g L–1 in the cultivation medium. The later part of the work was dovetailed
towards validation of substrate inhibited growth kinetics with established models such as
Haldane, Andrews, Luong, Han-Levenspiel and Aiba. Finally, it was observed that none
of the classical models explains the kinetics well.
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Introduction
Glucose oxidase (GOx) is an important enzyme
with a wide range of applications in both biochemi-
cal and food industries. Typical applications of
GOx in the food industry include glucose removal
from dried eggs and foods to improve colour, fla-
vour, and shelf life1 and oxygen removal from fruit
juices, canned beverages and mayonnaise to pre-
vent rancidity.2 Furthermore, GOx is identified to
catalyze the oxidation reaction of -D-glucose to
produce gluconic acid and hydrogen peroxide.3 Uti-
lizing oxygen as an electron acceptor, recently GOx
is deployed as a component in biosensors to detect
glucose concentration levels in blood sampling and
analysis.4
To date, common substrates investigated for
laboratory scale GOx production refer to glucose,5
sucrose, corn steep liquor,6 molasses7 and rice pol-
ishing8 using microbial sources such as Aspergillus
niger, Penicillium notatum, Penicillium glaucum,
Penicillium amagasakiense and Penicillium pur-
purogenum. Of these options, commercial interest
points towards GOx production from glucose using
Aspergillus niger.9
Hatzinikolaou and Macris10 have focused to-
wards regulation of GOx production using molasses
and sucrose with Aspergillus niger. The authors re-
ported that enzyme activity increased with carbon
mass concentration in the fermentation medium and
remained constant at mass fraction levels above 4
% using molasses and 10 % using sucrose and in-
hibitory factors are reported after these concentra-
tion levels. Kona et al.,6 produced GOx from corn
steep liquor and reported that above concentration
levels of  = 20 mL L–1, enzyme synthesis is se-
verely inhibited. Hamid et al.,8 produced GOx from
rice polishing and observed that maximum GOx
production is attained at a substrate mass fraction of
w = 2 % in the fermentation medium.
Existing research interests in GOx production is
towards the identification of cheaper substrates and
easily controllable process conditions using
Aspergillus niger. It can be observed that existing in-
dustrial production of GOx could be further im-
proved as the cost of sucrose is lower than the cost
of glucose with the fact that an inversion process
from the former commonly produces the latter. The
objective of this work is to demonstrate the substrate
inhibition phenomena for growth kinetics of
Aspergillus niger grown on sucrose during glucose
oxidase production. Furthermore, it can be observed
in existing literature that substrate inhibition has not
been studied in detail. However, from an industrial
point of view, substrate inhibition phenomena trans-
late into the efficiency of the bioreactor in terms of
effective utilization of raw materials per unit GOx
produced. Modelling efforts with respect to substrate
inhibition too pay huge dividends in the form of siz-
ing, cost estimation and economic assessment.
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Material and methods
Organism and culture conditions
Aspergillus niger NRRL 326 was obtained
from the United States Department of Agriculture
(USDA). The culture was maintained on a slant of
minimal media containing (in g L–1) glucose – 25,
KH2PO4 – 2, K2HPO4 – 2, MgSO4 · 7H2O – 1, pep-
tone – 2, yeast extract – 2, KCl – 0.2, NH4NO3 –
0.6, agar – 15 at  = 4 °C and sub-cultured every
month. Production medium was prepared by using
above said minimal medium without agar. Experi-
ments have been performed using different sub-
strates, sucrose and raffinose by replacing glucose
in the medium. 50 mL of the production medium in
V = 250 mL flask was inoculated with spore sus-
pension containing approximately 5 · 106 spores of
A. niger per mL. The spore suspension was pre-
pared by washing a 3-day-old plate culture with
10 mL of sterile solution containing Tween 80
( = 0.25 mL L–1) and NaCl ( = 0.8 g L–1). Flasks
were incubated in an orbital shaker for t = 84 h at
150 rpm and at  = 30 °C. Samples were taken for
every t = 12 h and centrifuged at m = 11180 g for
t = 10 min and analyzed for extracellular enzyme
activity and substrate utilization. Kinetic experi-
ments have been carried out with sucrose as sole
carbon source.
Kinetic experiments
Experiments were performed according to the
procedure described in the above section with vari-
ous initial sucrose concentrations ranging from  =
10 to 50 g L–1. Samples were collected at different
interval of time and measured cell mass (dry cell
mass) and sucrose consumption. For each initial
mass concentration of sucrose, specific growth rate
was calculated in exponential phase. The specific
growth rate () in the exponential phase was calcu-
lated as the slope of plot drawn between ln (x) vs.
time. Where, x is the dry cell mass obtained at a
particular time. All experiments were performed in
duplicate under identical conditions and all results
had a standard deviation ± 4 % to ± 10 % about the
mean.
Kinetic models
The substrate inhibition occurs generally at
high substrate concentrations. Different substrate
inhibition models, Haldane,11 Andrews,12 Han-Le-
venspiel,13 Aiba14 and Luong15 are considered to
explain the cell growth kinetics. The variables
of different growth models considered and esti-
mated using MATLAB® software are given in
Table 1.
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T a b l e 1 – Estimated parameters of various substrate inhibition models explaining the entire data



















































































































































The sugars were measured by the 3,5-di-
nitro-salycilic acid (DNS) method using glucose as
the standard.16 The same method was used for mea-
suring extra cellular glucose oxidase activity i.e.,
measuring residual reducing sugars. Sucrose was
measured after hydrolysis with  = 40 % HCl to re-
ducing sugars. Subsequently, GOx activity is evalu-
ated as the amount of enzyme required for the con-
version of 1 mole of glucose per 30 min per mL at
 = 30 °C. The reducing sugars were treated with
3,5-dinitro-salicylic acid (DNS) which is reduced to
3-amino-5-nitro-salicylic acid. The latter was quan-
tified by measuring absorbance at  = 540 nm using
a spectrophotometer (Make: Perkin Elmer, Model:
Lambda 45). The DNSA reagent consisted of 1 g
DNS dissolved in 20 mL 2 mol L–1 NaOH and
50 mL distilled water. Thirty grams of Rochelle
salt (potassium sodium tartrate tetrahydrate:
KO2CCH(OH)CH(OH)CO2Na · 4H2O) was added
and the volume was brought up to 100 mL with dis-
tilled water. The reducing sugars were measured as
follows: 0.2 mL reducing sugar solution (containing
1 ± 3.5 g L–1 reducing sugar), 1.8 mL distilled water
and 2 mL DNS reagent were boiled for 5 min fol-
lowed by cooling to room temperature and diluting
to 24 mL. A standard curve was prepared using
known concentrations of glucose. From the stan-
dard curve the concentration of reducing sugar was
determined.
GOx activity was assayed using method of
Kona et al.6 The enzyme assay mixture consisted
of 0.2 mL reducing sugar solution (2.5–5.0 g L–1),
0.2 mL crude enzyme preparation, 1 mL citrate phos-
phate buffer (pH 5.6) and 0.6 mL distilled water. The
citrate phosphate buffer contained 0.02 g L–1 sodium
nitrate to inhibit catalase activity without affecting
glucose oxidase activity. The reaction mixture was
incubated at 30 °C for 30 min. The reaction was
stopped by keeping the tube in boiling water. To
measure residual sugar, 2 mL of DNS reagent was
added to the above tube and the mixture boiled for 5
min followed by cooling to room temperature and
diluting to 24 mL. The absorbance was read and glu-
cose concentration was determined from the standard
curve as described above. The blank (containing
de-ionized water instead of crude enzyme) was im-
mediately boiled after adding the enzyme prepara-
tion. One unit of glucose oxidase activity was ex-
pressed as that amount of enzyme which converts
1.0 g of glucose per 30 min at 30 °C. Since the
method of measuring glucose/reducing sugar by
DNS method is accurate, it was possible to measure
as low as 5 units of enzyme activity.
The cell mass was measured as dry mass. The
filtered cell mass was washed with distilled water
2–3 times to remove medium ingredients and dried
at 60 °C to a constant mass. Biomass concentration
(x) vs. fermentation time was plotted at different
initial sucrose concentration ranging from  = 10 g L–1
to 50 g L–1 to see the effect of initial substrate con-
centration on growth (Fig. 4). Natural logarithm of
dry cell mass in g, ln (x) is plotted against incuba-
tion time in h (Fig. 5). Specific growth rate was cal-
culated from this plot.
Results and discussion
Production of glucose oxidase
using different substrates
Fig. 1 presents GOx activity obtained at differ-
ent fermentation times for glucose, sucrose and
raffinose being used as the sole carbon source in the
medium. Among these, glucose was well investi-
gated substrate in GOx production17–19 and the em-
phasis is to find alternate substrates that could pro-
duce GOx. It was observed that sucrose provided
high activity (0.90 U) where as glucose (0.75 U)
and raffinose (0.69 U) provided lower GOx activity
comparatively. Therefore, sucrose serves as a better
substrate for GOx production using Aspergillus
niger rather than glucose and raffinose. The maxi-
mum production of glucose oxidase was observed
in the earlier reports using sucrose as sole carbon
source.6,10,20,21
Therefore, all the substrate inhibition studies
and validation of mathematical models were per-
formed using sucrose as the sole source of carbon.
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F i g . 1 – Production of glucose oxidase from A. niger
NRRL 326 using different carbon sources each at
a concentration of 25 g L–1
Effect of initial substrate concentration
on glucose oxidase production
Fig. 2 illustrates the effect of initial substrate
concentration on GOx activity obtained at different
fermentation time for initial sucrose concentrations
varying from  = 10 g L–1–50 g L–1. It can be ob-
served from the figure that when the sucrose con-
centration was low (10 g L–1), GOx activity in-
creased steadily with time. A similar trend was ob-
served when the initial sucrose concentration was
maintained at 20 g L–1. However, initial sucrose
concentration in between  = 20–30 g L–1 indicated
the onset of substrate inhibition phenomena with
the activity profile ending with a slight dip after a
maximum value. GOx activity profiles observed for
initial sucrose mass concentrations of  = 40 g L–1
and 50 g L–1 clearly indicate a dip in GOx activity
after indicating a peak value. These observations
conclude that initial sucrose concentration in be-
tween  = 20–30 g L–1 indicates transition state for
substrate inhibition phenomena and from substrate
concentration of  = 30 g L–1 result in strong sub-
strate inhibition contributing to lower GOx activity.
Hatzinikolaou et al.,10 reported increase in enzyme
activity with increasing sucrose concentration and
remained practically constant at levels above w =
10 % using sucrose as a carbon source. Fave-
la-Torres et al.,22 and Rogalski et al.,7 reported sim-
ilar study with glucose as carbon source.
Substrate utilization during fermentation
Fig. 3 illustrates assimilation of sucrose during
the fermentation for varying initial sucrose concen-
tration indicating the rapidity of sucrose assimila-
tion in the process. The rate of sucrose utilization
increased with sucrose concentrations up to  = 20
g L–1 indicating substrate limitations at low sugar
concentrations. However, the rate decreased with
increasing sugar concentrations above  = 30 g L–1
due to substrate inhibition at high sucrose concen-
trations (Fig. 3). Similar type of substrate utilization
profile was previously reported in case of ethanol
fermentation by yeast.22,23
These profiles indicate non-linear assimilation
of sucrose during the fermentation. Favela-Torres
et al.,22 reported complete uptake of glucose from
the media at the lowest concentrations employed
( = 30 and 50 g L–1). This decreased to only 50 %
at 100 g L–1 and to about 20 % at the highest con-
centration of 200 g L–1.
Effect of initial substrate concentration
on specific growth rate of A. niger
Specific growth rate of () for each initial su-
crose concentration were calculated from the plot of
ln x vs. time (Fig. 5) in the logarithmic phase as
described in the materials and methods. Fig. 6 pres-
ents variation of specific growth rate with initial su-
crose concentration ( = 10–50 g L–1). The onset of
substrate inhibition phenomena was observed in be-
tween  = 20–30 g L–1 of sucrose being used in the
fermentation. This is because the growth profiles
obtained for sucrose concentrations of 30 g L–1,
40 g L–1 and 50 g L–1 correspond to declining trend,
whereas other concentrations range (10–20 g L–1)
indicates a steadily increasing specific growth rate.
The similar types of substrate inhibited growth pro-
file are also reported by several researchers for dif-
ferent microorganisms grown on different sub-
strates used for various purposes.24–27
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F i g . 2 – Effect of initial substrate (sucrose) concentration
on the production of glucose oxidase using A.
Niger NRRL 326
F i g . 3 – Substrate (sucrose) assimilation during fermentation
Growth kinetics of A. niger grown on sucrose
The growth kinetics of Aspergillus niger was
employed using different substrate inhibition mod-
els available in the literature and the values of vari-
ables were estimated using MATLAB (Table 1).
Fig. 7 shows the models fitted to the entire data for
specific growth rate vs. initial substrate concentra-
tion. Although we could find no earlier attempt re-
ported on the modelling of growth kinetics of
Aspergillus niger during production of glucose
oxidase, a similar approach was taken earlier by
different scientists for other purposes.26–30 Parity
plot showing the estimated specific growth rate by
different models that fit to the entire data vs. experi-
mental specific growth rate is shown in Fig. 7. The
kinetic variables max, and KS estimated using the
kinetic models, Haldane,11 Andrews,12 and Aiba14
did not match with the experimental values. Even
though, the kinetic variables (max , KS) estimated
better both by Luong and Han-Levenspiel model
(Table 1), the growth rates given by Luong model
lies very close to the experimental values (Fig. 7).
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F i g . 4 – Plot of biomass concentration (x) vs. fermenta-
tion time for different initial substrate concentra-
tion viz., (in g L–1) 10, 20, 30, 40 and 50
F i g . 5 – Plot of natural logarithm of biomass concentration
ln(x) vs. fermentation time for different initial substrate con-
centration viz., (in g L–1) 10, 20, 30, 40 and 50
F i g . 6 – Plot of specific growth rate () vs. initial substrate
concentration (various initial sucrose conversa-
tion viz. (in g L–1) 10, 20, 30, 40 and 50)
F i g . 7 – Parity plot for the prediction of specific growth
rates () by various substrate inhibited that fitted for the entire
data. Standard deviation was calculated for experiments car-
ried out in duplicates under indicated conditions.
In addition, the R2 value of Luong model is higher
(0.994) than that of Han-Levenspiel model
(0.9014). The latter also gives very close approxi-
mation of the kinetic variables for growth. Though
the two models Luong and Han-Levenspiel model
give very high R2 values, the discrepancies in
KI value tells that none of the model explains well
the kinetics in this study. Further studies are re-
quired to establish a perfect model for this system.
Hence, experiments are being carried out for that
purpose.
Conclusions
For the first time, this work targeted concentra-
tion and process regimes that involve substrate inhi-
bition phenomena for growth of Aspergillus niger
during glucose oxidase production using sucrose as
substrate. In this work, inhibitory substrate concen-
trations ranging from 20 g L–1 and above have been
observed for GOx production. The kinetic parame-
ters were evaluated and the data did not fit well
with good confidence with any of the classical
models discussed here. Hence in conclusion, it was
inferred from this study that classical inhibition
models are not suitable here. Further work is
needed to establish a model.
A b b r e v i a t i o n s
GOx – glucose oxidase
X – biomass
DNS – 3,5-dinitro-salycilic acid
L i s t o f s y m b o l s
a – activity, U
Ks – substrate affinity constant, g L
–1
KI – inhibition constant, g L
–1
CM – Monod’s constant, g L
–1
 – temperature, °C
t – time, min, h
V – volume, mL, L
 – specific growth rate, h–1
max – maximum specific growth rate, h
–1
S0 – initial substrate concentration, g L
–1
n – constant which accounts the relationship between
 and s
m – constant which accounts the relationship between
CM and s
 – mass concentration, g L–1
 – volume concentration, mL L–1
 – volume fraction, %
w – mass fraction, %
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